Thermodynamic and spectroscopic data have been evaluated for several chlorine-oxygen gas phase species of interest in the study of ozone depletion models. The evaluated data have been used to compute JANAF Thermochemical Tables for these species. The data will be discussed and applied to several proposed models for ozone depletion. The recent catalytic cycle involving ozone l o s s by C10 and C1202 in the Antarctic stratosphere is discussed.
INTRODUCTION
Pollution of the atmosphere has become a problem of international concern. Problems which face society include ozone depletion, carbon dioxide buildup, and acid'rain. The greenhouse effect is due to approximately 50% Cog buildup and 50% due to Freons, CH4, N20 and 03. The role thermodynamics can play in assessing these atmospheric phenomena is discussed. The temperature range of interest varies from approximately 190K, in the polar regions to 300K. Particular attention is given to some problems in ozone depletion. There are several chemical cycles that can lead to ozone depletion in the stratosphere (ref. 1) . The chemical kinetics, thermodynamics and photochemical data for use in stratospheric modelling is evaluated and updated frequently (ref. 2) . C cles to be considered involve nitrogen oxides, hydroxyl radicals, oxygen net effect of transforming ozone to oxygen according to the reaction, ( Y D) atoms, halogen atoms and organic species. All of these cycles have the 0 3 + 0 +. 202.
In order for this thermodynamically favorable process to occur radicals, including nitrogen oxides, have to be available. An example of the processes is H + 03 +. OH + 0 2 OH + 0 + 02 + H These radicals, which for the purpose of this discussion include nitrogen oxides, are either present via photolysis or their precursors are introduced into the atmosphere by man. An understanding of the equilibrium conditions of the atmosphere is an important beginning to the modelling of the atmosphere disturbed by turbulence, photolytic processes and introduction of pollutants from a variety of sources.
The work described in this paper involves those species of possible importance to the cycles implicated in the removal of ozone by chlorine atoms and chlorine oxygen radicals. These molecular species include C10, C100, O C 1 0 , ClC10, ClOC1, C1202, C1203, and NO3. Nitrogen trioxide has been included because it is involved in a reaction to provide a potential reservoir, HCL, for C1 atoms (and CIOx species which are formed by reaction of oxygen moieties with C1 atoms), according to the equilibrium, relative to the monomeric C10. The ArH and A r S , as determined by a 1nK vs 1/T plot in the temperature range of 203-300 K , of the reaction 2C10 + (C10)2 are -72.5 f 3.0 kJ m o 1 -l and -144 f 11 J m o l -I K -I respectively (1, table) . In this study optical cross sections of the chlorine oxide species were used to determine the equilibrium constants as a function o f temperature, from which the thermodynamic properties of the reaction of C 1 0 to form (C10)2 were determined. These results are in agreement with previous results within combined experimental errors for the enthalpy of this reaction (2, this (These authors (3, this table) also measured the infrared spectrum of (C10)2 and Cl203 in the region of 500 to 2000 c m -l using a Fourier transform infrared spectrometer.) Using the enthalpy of reaction given by Cox and Hayman (1, this table) 
Heat capacity and entropy
The microwave spectrum of C1202 has been obtained by Birk et. al. (5, this  table) . The observed microwave spectrum is in substantial agreement with the earlier theoretical calculations which give estimates of both the vibrational frequencies and molecular dimensions of the C10 dimer (6, this table). The molecular dimensions were used to compute the inertial parameters for the normally occurring isotopic species
The computed entropy for the (Cl0)p species at 298.15 K is 300.98 Jmol-iK-l. dimerization of C10 combined with the standard entropy of C 1 0 gives an S"(298.15 K) of 305.92 k 11 Jmo1-lK-l. in good agreement with the calculated value. The major uncertainty in the computed entropy arises from the estimated frequencies 320 and 440 crn-l. The experimental entropy of (C10)2 is Lowering these estimated frequencies to 250 and 350 cm-l increases the computed S o ArS, for the dimerization of C10 from -149 to -1 4 6 Jmol-lK-l compared to the measured ArS, -144 k 11 Jmol-lK-l (1). The calculated value of the S'(298.15) is chosen for these tables.
The vibrational spectrum of this species in the infrared region of 500 to 2000 cm-l has been observed by Burkholder, et. al. (3, this table) . They observed three features that they could assign to (C10)2 at 750, 653 and 560 cm-l. The two higher frequency absorptions correspond to the 750, 649, and 647 cm-l found by Cheng and Lee (7, this table) in the matrix isolated infrared spectra of the products of the reactions described below. These workers observed the three stretching modes by trapping the molecules formed, in a discharge system, by the reactions: C1 + 0 3 , C1 + OC10, 0 + OC10, C1 + C l O C 1 , and 0 + ClOCl in an argon matrix at 12 K. They obtained the C 1 -0 , (649.9 and 647.6 cm-l) and 0 -0 (752.6 cm-l) stretching fundamentals, which have appropriate 3 5~1 -3 7~1 isotope shifts. The torsional mode, 127 c m -l , estimated from the microwave measurements (5, this table) is in excellent agreement with the 119 cm-l obtained in the quantum mechanical calculation (6, this table). The bending modes, 320 and 440 cm-l, are obtained from the quantum mechanical calculation (6, this table).
Others have studied the infrared spectrum of the self reaction of C10 by reacting C1 with 0 3 , C120, or OClO in a flow system (8, this table). These workers observed the C1-0 and 0 -0 stretching modes in addition to absorptions in the 1000 to 1250 c m -l region, which they ascribed to (C10)2. workers, including Burkholder, et. al. (3, this table) and Cheng and Lee (7, this table) supported by quantum mechanical calculations of the frequencies of the -C102 moiety (6, this table), suggest these bands are due to C1203 produced by the termolecular reaction of OClO with C10. Other workers who studied the infrared spectrum formed by reacting C1 + 0 3 in a matrix have given other absorptions which are probably due to other chlorine oxygen species (9-12, this table). 
REACTION CYCLES CONTRIBUTING TO OZONE DEPLETION
There are several cycles involving chlorine atoms and chlorine oxygen species that can contribute to ozone depletion. These cycles all require chlorine atoms which can be formed either through photolytic or chemical processes. The process, which is thought to be principally responsible for ozone depletion in the stratosphere is, 
In polar regions, where the temperatures are low, the light flux in the spring and summer high, heterogeneous reactions occurring on polar stratospheric clouds are important (ref. 6 , 7) . These reactions often involve the reservoir molecules ClON02 and HC1 which are converted to active C 1 species. These reaction can provide large concentrations of C10 and OC10, other processes involving higher chlorine oxides can also be important. Cycles can also involve nitrogen oxides and halogen atoms. A sink for chlorine atoms is provided by,
The NO3 formed can be photolyzed to NO2 (~9 0 % ) or NO ( = l o % ) , react with OH to form HON02 or combine with NO2 to form N2O5. These species can also enter into cycles, the net effect of which is to remove ozone catalytically from the atmosphere. Chlorine nitrate, ClON02, can also react heterogeneously with HCl according to the reaction, ClON02 + HCl -+ C12 + HON02.
This heterogeneous reaction may be particularly important in polar atmospheres where it can combine with the other heterogeneous reactions involving the heavier chlorine oxide molecules.
APPLICATION OF T H E R M O D Y N A M I C DATA
As one can see from the previous discussions ozone is depleted catalytically by the presence of radicals such as halogen atoms, nitrogen oxides, hydroxyl radicals, or reactions of these radicals with stable species. In many of these cases the reactions are driven by photolytic processes to form the atom or radical. As such, light flux at a particular wavelength, J x , optical cross sections (or extinction coefficients), U A , and the quantum yield, d~, The rate of dissociation refers to the chemical dissociation of molecular species into radicals. The determination of these quantities for molecules implicated in ozone depletion is very important in the understanding of the "equilibrium" atmosphere. Traditional calorimetric measurements to determine enthalpies of reactions, entropies, and equilibrium constants are important to generate reliable estimates of the concentrations in the undisturbed atmosphere. Of special importance are the thermodynamic properties of potential sink molecules for the halogen atoms and halogen oxides and those molecules that react to form these molecules. These species include ClON02, NO3, NO2, HC1, BrON02, HOCL, C102, N205. Often, as for example the case of N2O5, these thermodynamic data are also important because they are essential for the determination of the thermodynamic properties of other species such as NO3.
The importance of accurate and precise thermochemical data for the formation properties, in the case of NO3, has already been alluded to earlier (ref. 3 , 4) . In these studies the equilibrium ~205(S) -+ NO2 + NO3 was studied as a function of temperature in the range of 2 1-273 K. This study which yielded precise values for ArH' and ArS, is in agreement with the previous studies of this equilibrium. The AfG' and AfH' f N205(s) ,as determined by solution calorimetric studies of the reaction,
The formation properties of N2O5(g) were determined by measurement of the vapor pressure in the temperature range of 211-273 K .
Among the other molecules of interest for which the AfH' have been determined using conventional calorimetric methods are ClON02, ClOCl and OC10. Alqasmi, Knauth and Rohlack (ref. 9) have determined the formation properties of these molecules by determining the enthalpies of the reactions
CONCLUSIONS
The accurate and precise determination of the enthalpies of formation and Gibbs energy of formation and entropies of molecular and atomic species implicated in ozone depletion is important to the determination of concentration of molecules in the stratosphere. Usually the uncertainties in the enthalpy of formation is the principal cause in the uncertainty in the Gibbs Energy of formation. In the case of radicals accurate photoionization measurements coupled with an understanding of the channels of dissociation offers the most promising route to an accurate enthalpy of formation. The entropy of these molecules is most accurately determined by detailed molecular spectroscopic observations of their electronic, vibrational and rotational spectra followed by a statistical mechanical calculation. The advent of diode lasers and high resolution Fourier Transform infrared and microwave spectroscopic techniques have made the observation of radicals more feasible. In this connection it should be noted that much of the vibrational and rotational spectroscopic data used in this study for C10, NO3, C1202, OC10, were obtained using these techniques.
There are several molecules which may be important in stratospheric ozone depletion, for which accurate AfH" are not available. They include ClONO, BrONO, BrON02, and HOCL. Knowledge of Henry Law Constants, solubilities and some AfH' of condensed phase species are also of interest, particularly in the polar atmosphere where heterogeneous reactions are thought to be responsible for ozone depletion in the spring and summer. from under column 7 $Q under column 9
Paper entitled 'Thermodymanic Properties of gas phase species of importance to ozone depletion' by S. Abramowitz 
IDEAL G A S T H E R M O D Y N A M I C TABLES
The importance of accurate and precise thermodynamic values is illustrated by the fact that a recent lowering o f the AfH"(298.15K) changes the equilibrium constant of this reaction by a factor of 3 3 , from 0 , 0 1 2 7 to 0.00042 (ref. 3 , 4) .
The construction of thermodynamic tables for gas phase species requires a knowledge o f the spectroscopic constants of the molecule including electronic energy levels and degeneracies, vibrational frequencies and rotational constants, in the ground vibrational state. These data are either obtained from direct spectroscopic measurements or from theory or by analogy with other similar chemical compounds. I n addition A f H " , the enthalpy o f formation, is required. These data, for the species of interest, often come from spectroscopic measurements or gas phase kinetics and equilibrium measurements involving chemical reactions. I n some cases theoretical quantum mechanical calculations are used, particularly for those species in which low lying electronic states are expected. Table 1 contains the spectroscopic constants for several chlorine oxides and nitrogen trioxide used in the calculation of thermal functions and formation properties for the ground and in some cases excited electronic states. Thermodynamic functions and formation properties at several temperatures are given in Table 2 . These tables were calculated using the formalism described in the third edition o f the JANAF Thermochemical Tables (ref. 5 ) .
Briefly, for polyatomic species the harmonic oscillator rigid rotor model was utilized. Excited electronic states, where k n o w n , were included together with the spectroscopic constants for those states. The anharmonic oscillator non-rigid rotor model presented in the JANAF Thermochemical Tables was used for C10. Excited electronic states were included. The ground state for C 1 0 , which has a splitting of 318 c m -l , was included as two states, in order to give a more accurate thermal functions at the low temperatures of primary interest in atmospheric phenomena. Table 3 gives AfH0(298.15K), S0(298.15K) and AfG"(298.15) together with their estimated uncertainties. These uncertainties are propagated throughout the temperature range of computation of thermal functions. Finally a sample of the text for a JANAF Table is given in Table 4 .
Note that JANAF Thermochemical Tables for the species studied at some selected temperatures are given in Table 2 . of NO3 by 8 . 7 kJ mol-' 
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